Wnt-targeted gene therapy has been proposed as a treatment for human colorectal cancer (CRC). The Cre-Lox system consists of methodology for enhancing targeted expression from tissue-speci®c or cancer-speci®c promoters. We analyzed the ef®-ciency of Wnt-speci®c promoters as drivers of the Cre-mediated activity of a luciferase reporter gene or cell death effector gene in CRC cell lines in the presence and absence of two modulators of Wnt activity, sodium butyrate and lithium chloride. Butyrate is present in the colonic lumen after digestion of ®ber-rich foods, whereas the colonic lumen is readily accessible to lithium chloride. In both SW620 and HCT-116 CRC cells, a physiologically relevant concentration of butyrate upregulated reporter and effector activity and altered the Wnt-speci®c expression pattern. Lithium chloride markedly enhanced Cre-Lox-mediated Wnt-speci®c reporter expression only in APC wild-type CRC cells. Possibilities for genetic modulation of the proposed CRC therapy included Wnt-speci®c expression of a¯oxed Lef1-VP16 fusion that enhanced Wnt-speci®c cell death and of a¯oxed dominant-negative Tcf4 that speci®cally downregulated endogenous Wnt activity. These ®ndings demonstrated that the Cre-Lox system, in combination with pharmacological and genetic modulators, represents effective methodology for enhancing Wnt-targeted gene therapy.
INTRODUCTION
Wnt signaling is characterized by the stabilization of b-catenin, which complexed with the T-cell factor/ lymphocyte enhancer factor (Tcf-Lef) family of transcription factors upregulates the expression of genes whose promoters contain Tcf/Lef-binding sites (1±6). As a result of mutations in the adenomatous polyposis coli (APC) or b-catenin genes, the majority of human colorectal cancers (CRCs) exhibit constitutive upregulation of the Wnt transcriptional pathway, which has been implicated as a crucial step in the initiation and development of colonic tumorigenesis (7±9).
Gene therapy approaches for CRC (10) have utilized genes causing cell death (11±19), genes which encode for enzymes converting prodrugs to their active forms (20±23) or genes necessary for viral replication (24, 25) . Cancer-targeted gene therapy depends on differences in gene expression between malignant and normal cells; thus, the expression of a targeted gene must be both speci®c to abnormal cells and strong enough to induce cell death ef®ciently. Although some studies on Wnt-targeted therapeutic expression have been performed (10, 18, 22, 24) , a more systematic molecular examination of the factors that in¯uence the effectiveness and speci®city of Wnt-mediated gene therapy has not yet been performed.
The histone deacetylase inhibitor butyrate enhances colon cell differentiation and/or apoptosis (26±28) and, as demonstrated by us, modulates Wnt signaling in CRC cell lines in a cell-type-and promoter-dependent manner (29, 30) . Given that butyrate is normally found in the colonic lumen in high concentrations from bacterial fermentation of dietary ®ber, the ability of butyrate to modulate Wnt signaling is an important consideration for Wnt-targeted therapeutic gene expression. In addition to butyrate, lithium enhances Wnt signaling (31) by the active b-catenin form (32) . Thus, we have found that lithium chloride (LiCl) enhances Wnt-speci®c expression in HCT-116 CRC cells (APC+/+, b-catenin+/±), but not in SW620 CRC cells (APC+/±) (unpublished data). Thus lithium, commonly used for the treatment of psychiatric disorders, is another reagent whose ability to modulate Wnt activity may be of importance for Wnt-speci®c gene therapy approaches.
Other important factors that in¯uence Wnt-targeted gene expression is the variability in levels of free b-catenin, b-catenin±Tcf complexes and, consequently, Wnt activity in CRC cell lines (29,30,33±35) . Low passage colon cancer cell lines derived from CRC primary tumors have shown quite varied levels of intrinsic Wnt activity (36) , suggesting that the above mentioned variations in established CRC cell lines represent an in vivo property of CRCs. Thus, in view of the variability in the levels of Wnt activity in CRC cells, Wnt-targeted gene therapy would appear to bene®t signi®-*To whom correspondence should be addressed. Tel: +1 203 785 4390; Fax: +1 203 785 2494; Email: michaelbordonaro@yahoo.com cantly by the use of a system that enhances both expression levels and speci®city. The Cre-Lox system represents such an approach to enhance expression from tissue-or cancer-speci®c promoters.
The overall aims of the present study were (i) to create a Wnt-speci®c Cre-Lox-mediated gene expression cell kill system for CRC cells and (ii) to evaluate the effects of pharmacological (butyrate, lithium) and genetic (Lef-VP16) modulators of this system. In the present report we describe comprehensive analyses of the effects of butyrate and lithium on the Cre-Lox system combined with a variety of Wntspeci®c promoters to drive the expression of a¯oxed luciferase reporter or that of¯oxed FADD and diphtheria toxin A-chain cell death genes. In addition, FADD, which induces cell death via activation of caspase 8 as part of the Fas-mediated apoptotic pathway (37) , has been previously proposed as an effector of Wnt activity in a direct TcfTK system (18) . The diphtheria toxin A-chain, which induces cell death by ADP ribosylation of elongation factor 2 and irreversible inhibition of protein synthesis, has also been established as a potent effector gene in several gene therapy model systems (11±15). The ability of the Cre-Lox system to enhance expression from speci®c promoters (38±42) was examined. The rationale behind this approach was as follows: a stop cassette,¯anked by Lox sites (`¯oxed'), was placed between a strong promoter and the gene of interest (e.g. FADD or diphtheria toxin A-chain). In the absence of CRE recombinase, which has the ability to excise¯oxed sequences, the gene of interest is not expressed due to the presence of the retained stop cassette. However, in the presence of CRE recombinase, the stop cassette is excised, allowing for high levels of expression from a strong constitutively active promoter. Speci®city is generated by having the expression of CRE recombinase under the transcriptional control of a tissue-speci®c and/or inducible promoter (e.g. a Wnt-speci®c promoter). Since low levels of CRE recombinase enzyme are suf®cient to catalyze the excision of¯oxed DNA sequences, highly speci®c but relatively weak promoters driving CRE recombinase expression are adequate. The low levels of expression from such promoters are ampli®ed by the enzymatic activity of CRE recombinase. In addition to the analysis of variable Wnt-speci®c promoters combined with the Cre-Lox system, we have explored the possibility of enhancing the speci®c cell kill genetically, as well as by using modulators of Wnt activity such as butyrate and LiCl.
Thus, using a¯oxed luciferase reporter, we demonstrate that Wnt-speci®c gene expression in SW620 and HCT-116 CRC cells is in¯uenced by the promoter identity and the cell type. The activity is also signi®cantly modulated by butyrate in APC mutant SW620 cells and by both butyrate and lithium in APC wild-type cells, such as HCT-116. Expression of Lef-VP16, a genetic modulator of Wnt activity (43) , enhances Wnt-speci®c kill of CRC cells in the absence of butyrate. Finally, we demonstrate that a Cre-Lox-mediated system is capable of downregulating Wnt activity in SW620 cells in a Wnt-speci®c manner. Such an approach, combined with Wntmediated cell-death systems, has the potential to increase the ef®cacy of Wnt-targeted therapy of CRC. The implications of these approaches for possible Wnt-targeted genetic therapeutics are discussed.
MATERIALS AND METHODS

Plasmids
The following plasmids were kind gifts: pTOP/FOPFLASH, pTOP/FOPCAT and pTOP/FOPGlow from Dr Hans Clevers (University Hospital Utrecht, The Netherlands); pDN-Tcf4 and pCMV-APC from Dr Bert Vogelstein and Dr Ken Kinzler (Johns Hopkins Medical School, Baltimore, MD); Lef1-fusion constructs to VP16 from Dr Peter K. Vogt (Scripps Research Institute, La Jolla, CA); pCMV-CREM, pCMV-RFP/CREM, pSV-EGFPb±Gal and pCMVe-bAc-STOP-Luc vectors from Dr Jeffrey E. Green (National Cancer Institute, Bethesda, MD); diphtheria toxin-A chain wild-type vector from Dr Ian Maxwell (University of Colorado, Denver, CO); TOP/FOP-CMV vectors from Dr M.C. Hung (M. D. Anderson Cancer Center, Houston, TX). pGL3Basic, pGL3Control and pRL-TK were obtained from the Promega Corporation (Madison, WI).
pTOP/FOPTKFLASH were constructed by ligating the small (BamHI-Klenow-XhoI) fragment containing the luciferase reporter of the pGL3Basic vector into the large SmaI-XhoI fragment of pTOPCAT and pFOPCAT, respectively. 0-CRE was constructed by ligating the XhoI-MscI fragment of pCMV-CREM, containing the modi®ed CRE coding sequence and human b-globin intron, to the XbaI-Klenow-XhoI fragment of pGL3Basic. The BglIKlenow-NheI promoter fragments from pTOP/FOPTK-FADD and pTOP/FOPFos-FADD (M. Bordonaro, D. L. Lazarova, R. Carbone and A. C. Sartorelli, submitted for publication) were ligated to the XhoI-Klenow-NheI fragment of 0-CRE to yield pTOP/FOPTK-CRE and pTOP/FOPFos-CRE, respectively. The Hind3-Klenow-XhoI fragments from pTOP/FOPGlow were ligated to the NheI-Klenow-XhoI fragment of 0-CRE to yield pTOP/FOPTATA-CRE. The TOP/FOP-CMV promoter plasmids were digested with BglII, Klenow treated and digested with XhoI, and the fragments containing the promoters were ligated to 0-CRE digested with NheI, Klenow treated and digested with XhoI to form pTOP/ FOPCMV-CRE.
The ClaI-Klenow-Hind3 fragment of 0-FADD was ligated to the SalI-Klenow-Hind3 fragment of pCMVe-bAc-STOPLuc, placing the FADD coding sequence and the SV40 late polyadenylation site downstream of the CMV-b-actin promoter and¯oxed stop cassette, creating the construct pSTOP-FADD. The coding sequence of VP16, fused to both the b-catenin-binding and DNA-binding domains of Lef1, was ampli®ed from CMV-Lef-VP16 by PCR using primers containing NheI and XbaI sites, and the PCR product was digested with NheI, Klenow treated and digested with XbaI. This fragment was ligated to the Hind3-Klenow-SalI fragment of pCMVe-bAc-STOP-Luc and the XbaI-SalI fragment of pGL3 to form pSTOP-LefVP16. The Hind3-Klenow-SalI fragment of pCMVe-bAc-STOP-Luc, the PstI-Klenow-XbaI fragment of DT-WT (containing the wild-type diphtheria toxin A-chain gene) and the XbaI-SalI fragment of pGL3-Basic were ligated together to form pSTOP-DT. The Hind3-Klenow-SalI fragment of pCMVe-bAc-STOP-Luc, the BglI-Klenow-XbaI fragment of DN-Tcf4 and the XbaI-SalI fragment of pGL3 were ligated together to form pSTOPDNTcf4. The Hind3-Klenow-NheI fragment of pCMVe-bAc-STOP-Luc, containing the pCMVe-bAc promoter and Stop 
Transfection and luciferase assays
For transfection for luciferase assays, 100 000 SW620, 60 000 HCT-116 or 35 000 RKO cells were plated into each well of a 24-well dish (Corning, Corning, NY). After 3 days, plasmid DNA was mixed with Gene Porter (Gene Therapy Systems, San Diego, CA) in MEM without serum at a ratio of 5 ml of GenePorter to 1 mg of DNA for 45 min and added to the wells (250 ml/well for 24-well plates). After 5 h, 250 ml of MEM with 20% FBS were added to each well and left overnight, after which the transfection mixture was removed and 1 ml of fresh MEM plus 10% FBS was added to each well. At this time, other reagents were added as indicated. Normalization with pRL-TK and treatment with sodium butyrate (Sigma, St Louis, MO) were accomplished as previously described (30) . LiCl (Sigma) was added to a ®nal concentration of 20 mM. Assays with pSTOP-FADD and pSTOP-DT-A were normalized by the protein concentration measured by the BioRad protein assay reagent (Bio-Rad, Hercules, CA) at 595 nm. The Promega Luciferase system and Turner Luminometer (Promega) were used for luciferase assays, which were performed as described previously (30) .
Transfection and GFP/annexin assays
Cells were plated 24 h prior to transfection at 1 Q 10 6 cells per well in 24-well plates. The green¯uorescent protein (GFP) expressing plasmid pTracer-EF/Bsd A EGFP (Invitrogen, Carlsbad, CA) was cotransfected with STOP-FADD and 0-CRE, TOPCMV-CRE or FOPCMV-CRE at a ratio of 0.6:0.2:0.2 mg/well, with 2 ml of Lipofectamine (Invitrogen) per well. Six hours post-transfection, cells were transferred to six-well plates. At 24 h post-transfection, cells were untreated or treated with 5 mM butyrate. The adherent cells were harvested 48 h later (72 h post-transfection) by trypsinization, pelleted at 1000 g and resuspended in 200 ml of 1Q phosphatebuffered saline. The number of GFP-positive (viable transfected) cells was measured by¯ow cytometry. For each experiment, two controls were run for both untreated and butyrate-treated samples. The ®rst control (negative) had no GFP vector (mock transfection); the second control (positive) had the GFP expression vector alone. Positive (GFP-only) control values were used to normalize for differences in transfection ef®ciency between treatments for each experiment. Flow cytometry was performed using a FACS Vantagē ow cytometer (Becton-Dickinson Immunocytometry Systems, San Jose, CA). The cells were excited at 488 nm and the GFP¯uorescence was observed through a 510/20 bandpass ®lter. In each group of samples, the percentage positivity was calculated using CellQuest Pro software by placing a marker to the immediate right of the background uorescence peak in the mock transfected sample. Fifty thousand cells were observed in each sample in order to render small differences in GFP positivity meaningful.
To measure cell viability, transfections were conducted as described above for the GFP assay. Cells were untreated or treated with 5 mM butyrate for 24 h. Subsequently, 100 000 cells from the total cell population (¯oating as well as adherent cells) were collected as described above. The staining of the EGFP-expressing cells was performed with the Annexin V-PE apoptosis detection kit 1 (BD Pharmingen, San Diego, CA). The samples were analyzed with a FACS Vantage¯ow cytometer; cells were excited at 488 nm and the¯uorescence of EGFP, Annexin V-PE and 7-amino-actinomycin D was collected through 510/20 BP, 575/26 BP and 660/20 BP ®lters, respectively. The data were analyzed with CellQuest Pro software.
Statistics
All p values were calculated using Student's t test; p`0.05 was considered statistically signi®cant.
RESULTS
Cre-Lox-controlled Wnt-speci®c luciferase reporter expression in SW620 cells
The Cre-Lox system was analyzed for its ability to enhance Wnt-speci®c cell death in CRC cells in combination with two effector genes, the FADD (Fas-associated, Death Domain) gene or the diphtheria toxin A-chain (DT-A) gene. The characteristics of a set of Wnt-speci®c promoters combined with the Cre-Lox system were initially analyzed. The Wntspeci®c promoters (TOP) employed represented minimal promoters from different genes to which Tcf/Lef binding sites were attached. Each Wnt-speci®c promoter had a control promoter (FOP) in which wild-type Tcf/Lef sites were replaced by mutated non-functional sites. We used the¯oxed luciferase reporter pCMVe-bAc-STOP-Luc (henceforth called STOP-Luc) to determine the relative strength and speci®city of the four sets of Wnt-speci®c promoters (TK, CMV, Fos and TATA box) employed. The expression of luciferase in this system modeled the expression of an effector gene such as FADD or DT-A; therefore, reporter data allowed a precise determination of the effects of pharmacological modulators of Wnt activity. In particular, we were interested in determining the effects of butyrate on Wnt-speci®c gene expression as mediated by the Cre-Lox system. The ability of butyrate, normally found in the colonic lumen, to modulate Wnt signaling could in¯uence, either positively or negatively, the ef®ciency and speci®city of Wnt-targeted expression of therapeutically relevant genes. The luciferase reporter assay provides a model for ascertaining such effects.
The ability of the TK-, Fos-, TATA-and CMV-CRE constructs ( Fig. 1) to stimulate Wnt-speci®c expression from STOP-Luc in SW620 cells was evaluated in the presence and absence of 5 mM butyrate (Fig. 2) . The concentration of CRE expression vectors used (50 pg/well) resulted in very low levels of luciferase activity with the promoterless 0-CRE construct. The 0-CRE vector was employed as a control for the non-speci®c expression of CRE recombinase and hence for the non-speci®c expression of the reporter/effector gene. The levels of luciferase activity induced by the wild-type (TOP) version of each CRE construct, which measured the strength of each wild-type promoter, were determined ( Fig. 2A) . TOPTK-CRE produced a level of luciferase activity~5-fold higher than that from TOPFos-CRE (p < 0.001), whereas TOPTATA-CRE led to luciferase expression 20 times lower than luciferase expression from TOPTK-CRE (p < 0.05) and approximately ®ve times lower than that from TOPFos-CRE (p < 0.0001). The level of expression from the TOPCMV-CRE was~36% less than that from TOPTK-CRE (p < 0.05). Thus, the relative strength of the promoters was as follows: TOPTK > TOPCMV > TOPFos > TOPTATA.
In the absence of butyrate, the Wnt-speci®c CRE-mediated activation of STOP-Luc was demonstrated by the very low levels of expression driven by the mutant Wnt-speci®c promoter vectors (FOP-CRE) and the very high levels of expression stimulated by the wild-type Wnt-speci®c promoter vectors (TOP-CRE) (Fig. 2C) . Thus the luciferase expression driven by TOPTK-CRE was 325-fold higher than that induced by the FOPTK-CRE (p < 0.0001). The luciferase expression stimulated by TOPFos-CRE was 107-fold higher than that caused by FOPFos-CRE (p < 0.001). The luciferase expression produced by TOPTATA-CRE was 137-fold higher than that induced by the mutant FOPTATA-CRE (p < 0.05), while that driven by TOPCMV-CRE was 711-fold higher than that stimulated by FOPCMV-CRE (p < 0.01).
These expression patterns changed (Fig. 2B ) when the transfected cells were exposed to 5 mM butyrate, a level that can be attained in the colonic lumen after digestion of dietary ®ber (44) . The level of expression from STOP-Luc cotransfected with promoterless 0-CRE remained low in the presence of butyrate. However, the level of expression induced by TOPTK-CRE was increased 1.6-fold (not statistically signi®-cant) by butyrate, but the level of luciferase activity from FOPTK-CRE was increased by~7-fold, resulting in a Wnt speci®city ratio (wild-type/mutant ratio of luciferase activity) of 7.4 (p < 0.01) (Fig. 2C) . Therefore, exposure to butyrate produced a slight increase in expression induced by the wildtype vector, but at the cost of greatly reduced Wnt speci®city. Butyrate increased the level of expression induced by TOPFos-CRE by 7.3-fold (p < 0.02); however, butyrate also increased the luciferase expression induced by FOPFos-CRE. Thus, the Wnt speci®city ratio for Fos was 29 (p < 0.01). Luciferase activity induced by TOPTATA-CRE was increased 1.8-fold (not statistically signi®cant) in the presence of butyrate and was signi®cantly lower than that induced by both wild-type TK-CRE (p < 0.01) and Fos-CRE (p < 0.005). While the activity induced by mutant (FOP) TcfTATA-CRE was also enhanced by butyrate, the level of STOP-Luc activation was extremely low; thus, the Wnt speci®city ratio for the TATA-based clones was 29 (p < 0.002). For the CMV-CRE vectors, luciferase expression induced by TOPCMV-CRE was increased 2.4-fold (not statistically signi®cant) by butyrate treatment, whereas expression caused by the FOPCMV-CRE was induced 22-fold (p < 0.02), resulting in a Wnt speci®city ratio of 76 (p < 0.02). In the presence of butyrate the order of the Wnt speci®city ratios for these promoters was CMV > Fos = TATA > TK, which can be contrasted with that observed in the absence of butyrate: CMV > TK > TATA > Fos.
Given the low background luciferase activity observed with FOPTATA-CRE and FOPCMV-CRE, we evaluated whether increasing the concentration of TATA-CRE and CMV-CRE constructs 10-fold would enhance expression without sacri®cing speci®city. The increased plasmid concentration resulted in higher levels of luciferase activity in both the presence and absence of butyrate ( Fig. 2D and E) . However, the Wnt speci®city of 10Q CMV-CRE was decreased bỹ 10-fold (710 to 72) in the absence of butyrate and bỹ 1.5-fold (76 to 50) in the presence of butyrate (Fig. 2F ). The 10Q concentration of the TATA-CRE vectors exhibited a high level of speci®city in both the absence and presence of butyrate. Thus, in the absence of butyrate, the Wnt speci®city ratio was 3096 (p < 0.001), >20-fold higher than that achieved at the lower concentration. In the presence of 5 mM butyrate, expression from the TATA-CRE vectors increased, with a Wnt speci®city ratio of 280 (p < 0.001), almost 10-fold higher than at the 1Q concentration. Given the high levels of Wntspeci®c expression obtained from 10Q TATA-CRE, we also transfected SW620 cells with a 100Q concentration of the TATA-CRE constructs ( Fig. 2D and E). At this concentration the low background expression from the promoterless 0-CRE resulted in markedly elevated luciferase activity, whereas the 100Q FOPTATA-CRE still maintained low levels of luciferase activity. Thus, in the absence of butyrate the Wnt speci®city ratio was 1220 (p < 0.02), whereas in the presence of butyrate the ratio was 680 (p < 0.001) (Fig. 2F ). This latter value represented the highest Wnt speci®city observed in butyrate-treated SW620 cells. As a negative control for Wnt-speci®c expression in CRC cells, we determined the level of luciferase activity induced by TOP/FOP CMV-CRE and STOP-FADD in RKO CRC cells, which lack endogenous Wnt signaling (45) . In both the presence and absence of butyrate, the ratio of luciferase activity induced by TOP versus FOP CMV-CRE was <2.0 (data not shown), which was several orders of magnitude less than that exhibited by SW620 cells (Fig. 2) . Wnt-speci®c Cre-Lox-mediated kill of SW620 cells
After establishing the characteristics of the Wnt-responsive promoters utilizing luciferase reporter assays, we evaluated the ef®ciency of the same promoters when driving the expression of the cell death effector gene FADD. Overexpressed FADD has been shown to induce apoptosis (37) , and this property has been used to induce CRC-speci®c cell kill (18) . To accomplish these measurements, SW620 cells were cotransfected with a combination of three vectors: the pGL3Control luciferase reporter, the construct [pSTOPFADD (Fig. 1) ] containing the¯oxed FADD cDNA downstream of a CMV-b-actin promoter and the promoterless control vector (0-CRE), and the wild-type (TOP) or mutant (FOP) versions of the four sets of the different Wnt-responsive constructs (Fig. 1) . Post-transfection, cells were treated with 5 mM butyrate for 48 h, and the remaining luciferase expression, indicative of cell survival (12, 15) , was compared with control. The concentration of CRE expression vectors was titrated to maximize the difference between cell kill resulting from expression of the wild-type vector and that of the mutant construct (data not shown).
In the absence of butyrate, less than half (44%, p < 0.05) of the luciferase expression remained after transfection with TOPTK-CRE (0.05 mg/well) (Fig. 3A) . No background kill due to FOPTK-CRE was detectable. In addition, when a control vector (STOP-GL3; see Materials and Methods) containing only a stop cassette and no FADD cDNA was used in place of STOP-FADD, no decrease in luciferase activity after transfection with TK-CRE vectors was observed (data not shown). Therefore, the diminished luciferase activity obtained with cotransfection of STOP-FADD and CREexpressing vectors was due to effector gene expression.
In the absence of butyrate, the relative luciferase activity resulting from transfection of TOPCMV-CRE (0.0067 mg/ well) was 34% (p < 0.002) of the control, while FOPCMV-CRE resulted in a slightly reduced level of luciferase activity (82% of control); this latter difference was not statistically signi®cant (Fig. 3B) . Transfection of TOPFos-CRE (0.1 mg/ well) resulted in a 50% decrease in luciferase activity and a 9% decline (not statistically signi®cant) with the mutant FOPFos vector (Fig. 3C) . Consistent with that observed with the reporter assays (Fig. 2) , the TATA-box-based promoter required the highest concentration (0.15 mg/well) of the transfected plasmid to achieve cell kill; in addition, also consistent with the reporter assays, the FOPTATA-CRE exhibited markedly lower levels of background activity than that of promoterless 0-CRE. Thus, the decrease in luciferase activity obtained with TOPTATA-CRE was approximately the same as that obtained with the 0-CRE control; however, both exhibited lower activity than the mutant FOPTATA-CRE (Fig. 3D) . Thus, luciferase activity after transfection with TOPTATA-CRE was 38% (p < 0.05) of that obtained following transfection of FOPTATA-CRE.
Consistent with the trend observed with the luciferase reporter assays (Fig. 2) , treatment with a physiologically relevant concentration (5 mM) of butyrate signi®cantly decreased the Wnt speci®city of the STOP-FADD system with the TK and Fos minimal promoters. While relative luciferase expression resulting from TOPTK-CRE was reduced to 18.5% (p < 0.005) of the control, the relative luciferase expression resulting from FOPTK-CRE was reduced to 36.5% (p < 0.02) of the control. Transfection with FOPCMV-CRE followed by exposure to butyrate resulted in a level of luciferase activity (78%) similar to that observed in the absence of butyrate, which was not signi®-cantly different from the control. However, luciferase activity resulting from TOPCMV-CRE was further reduced by butyrate to 16% (p < 0.005) of control. Butyrate treatment resulted in a large increase in cell kill from both the TOP (21% of control, p < 0.02) and FOP (39% of control, p < 0.05) versions of Fos-CRE. For TOPTATA-CRE in the presence of butyrate, luciferase activity was decreased to 20% (p < 0.05) of that from FOPTATA-CRE.
Wnt-speci®c cell kill by CMV-CRE vectors determined by GFP-based assays
To con®rm that the luciferase assay used in Figure 3 (and throughout the current study) measures the decrease in cell number resulting from expression of the cell-death-inducing FADD gene, we have performed additional experiments. We have focused on the STOP-FADD/CMV-CRE system in SW620 CRC cells, which produced the most ef®cient and speci®c cell kill measured by the luciferase assay (Fig. 3B) . SW620 cells were cotransfected with the STOP-FADD and CRE expression vectors and with an expression vector for the (18); however, the GFP-based assay is more quantitative and objective, since the¯ow cytometer examines a large number of cells randomly selected from the total adherent cell population. In the absence of butyrate, transfection of SW620 cells with STOP-FADD and the wild-type TOPCMV-CRE vector resulted in a decrease in the number of adherent GFP-positive cells compared with that of the 0-CRE control (Fig. 4A) ; the number of GFP-positive cells was reduced by 69% after transfection with TOPCMV-CRE (p < 0.05), but reduced by only 26% after transfection with FOPCMV-CRE (difference compared with control not statistically signi®cant). Thus, as measured by the GFP assay, there is a marked and statistically signi®cant difference (2.4-fold, p < 0.03) between the cell kill induced by TOPCMV-CRE and that caused by FOPCMV-CRE. In the presence of butyrate, GFP positivity was reduced by 78% (p < 0.01) after transfection with TOPCMV-CRE, a 1.4-fold increase in cell kill compared with that observed in the absence of butyrate (p < 0.01). GFP positivity after transfection with FOPCMV-CRE in the presence of butyrate was reduced by only 22% (difference compared with control not statistically signi®cant); this level of GFP positivity was statistically equivalent to that observed with FOPCMV-CRE in the absence of butyrate. The Wnt speci®city ratio of relative cell kill by wild-type versus mutant TcfCMV-CRE in the presence of butyrate is 3.6 (p < 0.03). Thus, the results of the GFP assay, which examines the number of remaining transfected cells, matches almost exactly the ®ndings determined by the luciferase assay ( Fig. 3B) with respect to the level of cell kill, Wnt speci®city and the ability of butyrate to enhance the kill while maintaining, or increasing, the speci®city of cell kill.
We have also determined the relative numbers of apoptotic and necrotic versus live cells in the total (¯oating as well as adherent) transfected cell population, after conducting transfections in the same manner as performed in Figure 4A . Samples were analyzed after 24 h to observe earlier stages of cell death. It is important to note that apoptosis is a dynamic process (viable cells to apoptosis to necrosis), while the main assay utilized in this study, i.e. luciferase con®rmed by GFP cell count (Fig. 4A) , determines the ®nal level of remaining transfected cells. Thus small differences in the rate of apoptosis at any given time during the transfection results in a large difference in the ®nal number of surviving cells. As expected, the ratio of apoptotic and necrotic versus live cells [(A + N)/L)] was highest after transfection with the wild-type TOPCMV-CRE vector, which has been shown to result in the largest decrease in luciferase expression (Fig. 3B ) and cell number (Fig. 4A) . The (A + N)/L ratio with TOPCMV-CRE transfection was 3-fold higher (p < 0.002) than that observed with the promoterless control, while the ratio after transfection with the mutant FOPCMV-CRE vector was similar to that observed with control (difference not statistically signi®cant). The same patterns were observed after treatment with butyrate (Fig. 4B) ; the (A + N)/L ratio after transfection with TOPCMV-CRE was 3.3-fold higher than control (p < 0.001), while the ratios from the FOPCMV-CRE and control vectors were statistically equivalent.
The data presented in Figure 4 demonstrate that the luciferase assay measures the increase in cell death resulting from Wnt-speci®c expression of the effector. Thus, we used the sensitive and high-throughput luciferase assay to further examine aspects of Wnt-targeted expression in CRC cells.
Cre-Lox-mediated SW620 cell kill induced by DT-A expression
To determine whether a DT-A effector would be as effective and speci®c as the FADD effector in downregulating luciferase activity, SW620 cells were cotransfected with the CMV-CRE expression vectors (0.005 mg/well), the pGL3 control luciferase reporter and a new construct containing ā oxed DT-A gene fragment [STOP-DT ( Fig. 1)] ; these cells were treated with 5 mM sodium butyrate for 48 h. For these experiments, the CMV-CRE constructs were used, since this set of expression vectors exhibited high ef®cacy and speci®city in both untreated and butyrate-treated STOP-FADD transfected SW620 cells (Fig. 3) .
In the absence of butyrate, the ef®ciency and Wnt speci®city of SW620 cell kill was similar to that achieved with the FADD effector (Fig. 5A) . Luciferase expression after transfection with TOPCMV-CRE and STOP-DT was reduced to 32% (p < 0.02) of the control, while FOPCMV-CRE resulted in a statistically non-signi®cant 13% decline in the relative luciferase activity. In the presence of butyrate, luciferase activity in the presence of the TOPCMV-CRE vector was reduced to 20% (p < 0.01) of the control and the background activity of FOPCMV-CRE increased, resulting in luciferase activity being reduced to 61% of control (not statistically signi®cant). Given the potential potency of the DT-A effector, we attempted to further optimize the effector and CRE expression vector concentrations. The concentration of STOP-DT was lowered to 0.15 mg/well, while the concentration of the CRE expression vectors was increased to 0.03 mg/well. At these concentrations, in the absence of butyrate, luciferase expression in the presence of TOPCMV-CRE was reduced to 21% (p < 0.02) of control, while FOPCMV-CRE resulted in a statistically non-signi®cant 25% decline in relative luciferase activity (Fig. 5B) . In the presence of butyrate, cotransfection with TOPCMV-CRE further reduced the luciferase activity by approximately two-thirds (p < 0.001), to 7.5% of control, whereas cotransfection of FOPCMV-CRE and STOP-DT butyrate further reduced luciferase activity by approximately one-third (p < 0.002), to 51% of the control. Thus, compared with STOP-FADD, the STOP-DT vector resulted in enhanced cell kill, but in the presence of butyrate non-speci®c kill was markedly higher with the DT-A effector compared with the FADD effector. Therefore, in view of its greater speci®city in the presence of butyrate treatment, we have utilized the FADD gene as the effector gene for the remainder of these studies.
Cre-Lox-controlled Wnt-speci®c luciferase reporter expression in HCT-116 cells
We have previously shown that HCT-116 CRC cells (APC+/+, b-catenin+/±) differ from SW620 CRC cells (APC+/±) in their endogenous levels of Wnt activity, modulation of Wnt activity by butyrate and speci®c response of different Wnt-speci®c promoters to butyrate treatment (29, 30, 35) . Compared with HCT-116 cells, SW620 cells exhibit higher levels of free bcatenin and b-catenin±Tcf transcriptional complexes (33, 34) , as well as higher levels of Wnt signaling both in the presence and absence of butyrate (29, 30, 35) . The HCT-116 cell line, on the other hand, exhibits higher levels of non-Wnt speci®c transcriptional activity from certain minimal promoters. For example, luciferase reporter assays have shown that the minimal TK promoter exhibits an~50-fold higher level of activity in HCT-116 cells than in SW620 cells (30) . Therefore, we evaluated Wnt-speci®c Cre-Lox-mediated luciferase expression in HCT-116 cells as an example of a Wnt-positive CRC cell line that exhibits low levels of Wnt activity and high levels of background promoter activity, thereby being a considerable challenge for Wnt-targeted gene expression.
In the absence of butyrate, transfection of the four sets of Tcf-CRE vectors into HCT-116 cells resulted in lower levels of luciferase reporter activity than observed in SW620 cells (Fig. 6A) . The TOPTK-CRE construct produced luciferase activity that was~5-fold lower than that observed in SW620 cells. However, the activity of the FOPTK-CRE construct was very high in HCT-116 cells, and thus the Wnt speci®city ratio of 2.0 was not statistically signi®cant. TOPFos-CRE generated luciferase activity~2.5-fold lower than that observed in SW620 cells, with a Wnt speci®city ratio of 6.9 (p < 0.03). TOPTATA-CRE gave very low levels of luciferase activity that were only 2.2-fold higher than the promoterless control and >5-fold lower than that observed in SW620 cells. Although the Wnt speci®city ratio for this promoter was 5.5, owing to variability associated with the low luciferase readings this ratio was not statistically signi®cant. In the absence of butyrate, the CMV-CRE constructs exhibited both the highest levels of luciferase activity and the greatest Wnt speci®city ratio of 10 (p < 0.03). The order of the Wnt speci®city ratios for these promoters in HCT-116 cells was as follows: CMV > Fos >TATA > TK (Fig. 6C) .
Treatment of HCT-116 cells with butyrate enhanced the ability of all of the promoters to express CRE and to induce luciferase activity (Fig. 6B) , whereas at the same time the Wnt speci®city ratios were altered. Thus, butyrate treatment resulted in an 11-fold induction (p < 0.005) of luciferase activity by TOPTK-CRE; however, the Wnt speci®city ratio was further reduced to 1.8 (p < 0.05). Luciferase activity resulting from TOPFos-CRE was increased 29-fold (p < 0.003) by butyrate and the Wnt speci®city ratio was slightly increased to 8.2 (p < 0.005). The TATA-CRE vectors exhibited the highest Wnt speci®city ratio of 13 (p < 0.001) in the presence of butyrate, with butyrate inducing a 37-fold (p < 0.001) increase in luciferase activity from TOPTATA-CRE. Butyrate also increased by 9.2-fold (p < 0.005) the induction of luciferase activity from TOPCMV-CRE, resulting in a Wnt speci®city ratio of 6.9 (p < 0.01). Thus, in the presence of butyrate, the order of the Wnt speci®city ratios in HCT-116 cells was as follows: TATA > Fos > CMV > TK (Fig. 6C) .
LiCl enhanced Wnt-speci®c Cre-Lox-mediated gene expression in HCT-116 cells
Compared with SW620 cells, the overall levels of Cre-Loxmediated luciferase activity, as well as of Wnt speci®city, were lower in HCT-116 cells. Therefore, we ascertained whether LiCl would improve the levels and speci®city of Wntmediated expression in HCT-116 cells, since LiCl is known to enhance Wnt activity by increasing levels of nuclear active b-catenin (32) . While the APC mutant SW620 cells were unaffected by lithium treatment, because the APC mutation had already allowed for the maximum possible level of b-catenin stabilization (unpublished data), Wnt activity in APC wild-type HCT-116 cells was markedly enhanced by 20 mM LiCl (unpublished data). In these experiments, we evaluated the activity of the CMV-CRE system, which exhibited the greatest ef®ciency coupled to speci®city in HCT-116 cells (Fig. 6A±C) .
Treatment with LiCl alone resulted in a marked 6.2-fold (p < 0.005) upregulation of luciferase activity induced by TOPCMV-CRE and an increase in Wnt speci®city to 24, compared with 10 with untreated cells (Fig. 6D and E) . Cotreatment with lithium and butyrate enhanced expression more than with either reagent alone. Thus, in the presence of both reagents, luciferase activity induced by TOPCMV-CRE was 3.4-fold higher (p < 0.003) than in the presence of butyrate alone, and 5-fold higher (p < 0.002) than in the presence of lithium alone (Fig. 6D) . The Wnt speci®city ratio in the presence of both reagents was 14, lower than that of lithium alone, but approximately twice that observed in the presence of butyrate alone (Fig. 6E) .
Wnt-speci®c Cre-lox-mediated cell kill of HCT-116 cells
To determine whether lithium and butyrate would also improve the ef®cacy of Cre-Lox-mediated kill of HCT-116 cells, we analyzed the effects of CMV-CRE vectors coupled to the FADD effector. Unlike that observed with SW620 cells (Fig. 3) , no Wnt-speci®c kill was obtained with untreated HCT-116 cells (Fig. 7) . Luciferase activity resulting from the transfection of TOPCMV-CRE was 82% of control, while luciferase activity resulting from transfection of FOPCMV-CRE was 90% of control. Neither decline in luciferase activity was statistically signi®cant. These ®ndings are consistent with weaker levels of expression of CRE in HCT-116 cells compared with SW620 cells (Figs 2 and 6 ). In the presence of 5 mM butyrate, luciferase activity in TOPCMV-CRE transfected cells was only 25% (p < 0.02) of control; however, there was also a large decline (49%) in luciferase activity in mutant FOPCMV-CRE transfected cells, indicative of substantial background kill. Surprisingly, treatment with 20 mM LiCl did not enhance cell kill, with levels of luciferase activity after transfection with TOP or FOP CMV-CRE being 87 and 95% of control, respectively (neither change was statistically signi®cant). However, the combination of both butyrate and lithium resulted in an optimal level of cell kill and Wnt speci®city. In the presence of both agents, luciferase activity of TOPCMV-CRE transfected cells was 31% (p < 0.002) of control, an~2.5-fold more ef®cient cell kill (p < 0.01) than that occurring in the absence of either agent. The background kill produced by FOPCMV-CRE resulted in luciferase activity that was 67% of control. This Wnt speci®city ratio of 2.2 was statistically signi®cant (p < 0.05), while for the other three treatments (no reagent, butyrate alone and lithium alone), the Wnt speci®city ratio was not statistically signi®cant. Therefore, cotreatment of HCT-116 cells with butyrate and lithium yielded the most effective results in conjunction with the CMV-CRE/STOP-FADD system.
Lef1-VP16 fusion vector enhanced Wnt-speci®c cell kill
To increase the ef®ciency of the CRE/STOP-FADD system, we created the STOP-LefVP16 vector, in which expression of Lef1-VP16, which enhances transcription from Tcf/Lef-site containing promoters (43) , is dependent upon the activity of CRE-recombinase, in a manner analogous to the STOP-FADD vector. Transfection of this vector along with Wnt-responsive CRE expression vectors would result in Wnt-speci®c expression of Lef-VP16, which in turn would enhance CRE expression from the TOP-CRE vectors. This enhanced CRE expression would boost the expression of cotransfected¯oxed genes in the cell (e.g. FADD, Lef-VP16). Therefore, cotransfection with STOP-LefVP16 is a genetic method of upregulating Wnt-speci®c gene expression and, in conjunction with STOP-FADD, of increasing Wnt-targeted cell death.
A pilot experiment was performed to determine whether cotransfection of STOP-LefVP16 with Wnt-responsive CRE expression vectors enhanced Wnt activity in a Wnt-speci®c manner (Fig. 8A) . To measure changes in Wnt activity the TOPFLASH and FOPFLASH luciferase reporters were utilized, since the ratio of their activities (TOP/FOP) measures speci®c Wnt activity (5, 29, 30) . Either TOPFLASH or FOPFLASH were cotransfected with STOP-LefVP16 and one of the following CRE expression vectors, promoterless 0-CRE (negative control), CMV-CRE (positive control), wildtype TOPTK-CRE or mutant FOPTKCRE, and the TOP/FOP ratio of luciferase activity from each combination of transfected vectors was compared. The TOP/FOP ratio resulting from mutant FOPTK-CRE was approximately the same as that of the promoterless negative control 0-CRE, 
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whereas the TOP/FOP ratio of TOPTK-CRE (5-fold higher than 0-CRE) and CMV-CRE (5.5-fold higher than 0-CRE) were similar. These ®ndings demonstrated that STOPLefVP16, when activated by a TOP-CRE vector, can further upregulate Wnt activity; however, a FOP-CRE vector cannot activate STOP-LefVP16, ensuring speci®city.
The ability of STOP-LefVP16 to upregulate Wnt-speci®c kill of SW620 cells was analyzed with TOP/FOPTK-CRE and STOP-FADD (Fig. 8B) . In the absence of butyrate, the cotransfection of TOPTK-CRE, STOP-FADD and STOPLefVP16 reduced luciferase activity to 24% (p < 0.001) of control, which is almost 2-fold lower (p = 0.5) than that observed in the absence of STOP-LefVP16 (Fig. 2A) . Luciferase activity from the cotransfection of FOPTK-CRE, STOP-FADD and STOP-LefVP16 was 91% of control, statistically equivalent to that observed in the absence of STOP-LefVP16 (Fig. 3A) . In the presence of butyrate, TOPTK-CRE, STOP-FADD and STOP-LefVP16 reduced luciferase activity to 13% (p < 0.05) of control; FOPTK-CRE and the two STOP vectors reduced luciferase activity to 28% of control, a value statistically equivalent to that observed with TOPTK-CRE. This low Wnt speci®city in the presence of butyrate was characteristic of the TK-CRE constructs and was also observed in the absence of STOPLefVP16 (Fig. 3A) .
The ability of STOP-LefVP16 to upregulate Wnt-speci®c kill of SW620 cells was analyzed with TOP/FOPCMV-CRE (Fig. 8C) . In the absence of butyrate, TOPCMV-CRE, STOP-FADD and STOP-LefVP16 reduced luciferase activity to 15% of control (p < 0.005), which was >2-fold lower (p < 0.01) than that observed in the absence of STOP-LefVP16 (Fig. 3B) . Luciferase activity expressed from FOPCMV-CRE and the two STOP vectors was 73% of control, statistically equivalent to that observed in the absence of STOP-LefVP16 (Fig. 3B) . In the presence of butyrate, TOPCMV-CRE, STOP-FADD and STOP-LefVP16 together reduced luciferase activity to 11% (p < 0.003) of control; FOPCMV-CRE and the two STOP vectors reduced luciferase activity to 58% of control. These levels of luciferase activity were statistically equivalent to that observed in the absence of STOP-LefVP16 (Fig. 3B) .
The ability of STOP-LefVP16 to upregulate Wnt-speci®c kill of HCT-116 cells with TOP/FOPCMV-CRE was also determined and the results are shown in Figure 8D . In the absence of butyrate, TOPCMV-CRE, STOP-FADD and STOP-LefVP16 reduced luciferase activity to 37% (p < 0.005) of control, which is >2-fold lower (p < 0.03) than that observed in the absence of STOP-LefVP16 (Fig. 7) . Luciferase activity from FOPCMV-CRE and the two STOP vectors was 57% of control, statistically equivalent to that observed in the absence of STOP-LefVP16 (Fig. 7) . In the presence of butyrate, TOPCMV-CRE, STOP-FADD and STOP-LefVP16 together reduced luciferase activity to 17% (p < 0.002) of control; this result represents a statistically signi®cant decrease in luciferase activity (p < 0.03) compared with the absence of STOP-LefVP16 (Fig. 7) . FOPCMV-CRE and the two STOP vectors reduced luciferase activity to 49% of control, statistically equivalent to that observed in the absence of STOP-LefVP16 (Fig. 7) .
We hypothesized that cotransfection with STOP-LefVP16 would ensure adequate cell kill even in the presence of suboptimal levels of the CRE expression vector, a property potentially useful in gene therapy. Therefore, we utilized a 10-fold lesser concentration of the TK-CRE expression vectors, i.e. the same concentration used in Figure 8A , in both the absence (Fig. 9A ) and the presence (Fig. 9B ) of cotransfected STOP-LefVP16. In the absence of Lef-VP16 a 10-fold dilution of TOPTK-CRE resulted in a low level of cell kill in the absence of butyrate. In the presence of cotransfected STOP-LefVP16, the more dilute concentration of TOPTK-CRE reduced luciferase activity to 33% (p < 0.03) of control, a 2-fold enhancement of cell kill compared with that observed in the absence of STOP-LefVP16 (Fig. 9A) . Thus, STOPLefVP16 markedly enhanced effector activity resulting from 10-fold lower levels of CRE vectors. In the presence of butyrate and STOP-LefVP16, dilute TOPTK-CRE and FOPTK-CRE reduced luciferase activity to low levels statistically equivalent to that observed in the absence of Lef-VP16.
Wnt-speci®c downregulation of Wnt activity in SW620 cells
To determine if the Cre-Lox system would allow for alternative therapeutic approaches for Wnt-positive CRC other than those that lead to direct cell kill, we considered the possibility of downregulating the Wnt activity that has been related to high cell proliferation in CRC cells. Dominantnegative Tcf4 (DN-Tcf4) is an N-terminal deletion of Tcf4 that retains the ability to bind to DNA but cannot bind b-catenin (5). Thus, DN-Tcf4 acts as a dominant-negative analog of Tcf4, inhibiting Wnt signaling by blocking the access of transcriptionally active b-catenin±Tcf4 complexes to DNA binding sites. Through this mechanism, DN-Tcf4 downregulates CRC cell proliferation by inhibiting the expression of Wnt target genes such as cyclin D1 (46) . Therefore, we determined whether activation of the expression of DN-Tcf4 by constitutive Wnt activity in CRC cells leads to Wnt-speci®c inhibition of Wnt activity.
This was accomplished by constructing a¯oxed DN-Tcf4 (STOP-DNTcf4) plasmid, similar in structure to the¯oxed FADD and DT-A vectors described in Figure 1 . The¯oxed DN-Tcf4 vector was transfected simultaneously with the TOPFLASH or FOPFLASH luciferase reporters, and with the (Fig. 10) . In contrast, background activity measured with the combination of FOPCMV-CRE with STOP-DNTcf4 resulted in only a 15% decline in Wnt activity, which was not statistically signi®cant, compared with that observed with the 0-CRE control. Thus, it was possible to inhibit Wnt activity in a manner dependent on the initial presence of constitutively active Wnt signaling.
DISCUSSION
The Wnt signaling pathway is constitutively activated in most CRCs and therefore has been viewed as a target for the Wntspeci®c expression of therapeutic genes (18, 22, 24, 25) . A Wnttargeted gene therapy system can be of particular practical use in the treatment of extensive CRC tumors as an adjunct or alternative to surgery, particularly as an alternative to total colonectomy, in the treatment of CRC metastases (the SW620 cell line is derived from a lymph node metastasis) or in the treatment of patients with familial adenomatous polyposis coli (FAP) as an alternative to prophylactic surgery. Some in vitro and in vivo success using Wnt-targeted systems has been reported (10, 18, 22) ; however, no systematic examination of Wnt-targeted expression, encompassing promoter identity, cell type and methods of enhancing ef®cacy, has been reported. The present study is the ®rst comprehensive report that couples the speci®city of Wnt-targeted expression with the Cre-Lox system (Fig. 11) .
We describe cell-type differences resulting in varying levels of expression from different Wnt-speci®c promoters, as well as differences in the modulation of this expression by pharmacological and genetic agents. Perhaps the most important factor heretofore ignored in considering Wnt-targeted gene therapy is the presence of butyrate in the colonic lumen. Butyrate can be directly introduced into the colonic lumen or given orally to patients as tributyrin (47) . Butyrate is also present at signi®cant physiological concentrations after consumption of ®ber-rich foods (44) . Butyrate is known to signi®cantly modulate the Wnt signaling pathway in a promoter-and cell-type-speci®c manner at concentrations within the range normally found in the colonic lumen (29, 30) . Therefore, both natural and exogenously added butyrate can in¯uence Wnt-targeted therapeutic gene expression, and its in¯uence on the expression of genes of interest must be considered.
In the present study, we demonstrate that butyrate enhances CRE-driven luciferase; however, it decreases the Wnt speci®city of gene expression (Fig. 2) . Both of these effects can have signi®cant consequences for Wnt-targeted gene therapy. In SW620 cells, the CMV-CRE vector was the most ef®cient at the lowest concentration of transfected plasmid, combining high Wnt speci®city with high expression in both the presence and absence of butyrate. We established that the presence of butyrate alters the levels of expression and speci®city of different Wnt-sensitive promoters. Thus, in butyrate-treated SW620 cells, the Fos-CRE vector has higher expression and speci®city than the TK-CRE vector, while in the absence of butyrate the TK-CRE vector is the more effective. TATA-CRE vectors, however, exhibited high levels of Wnt speci®-city in both the presence and absence of physiological concentrations of butyrate. These same differences in activity were observed when the FADD gene was used as an effector (Fig. 3) . Therefore, Wnt-speci®c kill of SW620 CRC cells differs with respect to promoter type and is signi®cantly in¯uenced by treatment with butyrate.
HCT-116 cells exhibited similarities to SW620 cells in that butyrate treatment had a marked effect on Wnt-speci®c CreLox-mediated gene expression (Fig. 6 ) and cell kill (Fig. 7) , and that varying promoter ef®ciencies existed even in the absence of butyrate. Therefore, both SW620 and HCT-116 cells exhibit marked and statistically signi®cant changes in the ef®ciency and speci®city of Wnt-targeted expression and effector activity after treatment with physiologically relevant levels of butyrate. In this regard, the CMV-CRE vectors appeared most speci®c and ef®cient, even in the presence of butyrate (Figs 3 and 7) . However, marked differences were evident between these two cell lines with respect to promoter activity, Wnt speci®city and butyrate responsiveness. For example, the Wnt speci®city of the TK promoter was better in SW620 cells than in HCT-116 cells, while that of the Fos promoter was better in HCT-116 cells than in SW620 cells (Figs 2 and 6) . To improve the performance of the Wntmediated gene expression system in HCT-116 cells, we attempted to increase Wnt levels in these cells by treatment with LiCl. Lithium has long been used for the treatment of human psychiatric disorders and is known to stimulate Wnt signaling in certain cell lines (31); therefore, it was reasonable to view lithium treatment as a means of enhancing the ef®cacy of Wnt-targeted expression and effector activity. Surprisingly, the upregulation of Wnt-speci®c Cre-Lox-mediated expression produced by lithium, as assayed by the luciferase reporter (Fig. 6D) , did not translate into enhanced HCT-116 cell kill. A speci®c threshold of CRE expression necessary to activatē oxed FADD suf®ciently might well be responsible for this phenomenon, and this threshold was not reached with LiCl treatment of HCT-116 cells. In addition, a fundamental difference exists in the dynamics of a luciferase reporter system compared with a cell kill effector expression model. In the case of luciferase reporter assays, the activity of the reporter generally correlates with the level of expression of the reporter gene; thus, the more luciferase produced, the higher is the luciferase activity within the con®nes of its linear range of detection. Alternatively, once a level of FADD or DT-A suf®cient to kill a given cell with near 100% certainty is reached, further enhanced expression of that gene is super¯u-ous. In the case of such an effector, a rough correlation between expression and effect would exist only within a relatively narrow range of suboptimal effector expression. At the lower end of the range effector levels are too low to result in any detectable cell kill, and at the upper end of the range the probability of cell kill reaches~100%; therefore, a graph of concentration versus probability of kill levels off. It is possible that these differences in reporter versus effector dynamics are responsible for the observed differences between the effects of LiCl on luciferase compared with its effects on FADD activity in the HCT-116 cell line.
The differences between HCT-116 and SW620 cells demonstrate that cell-speci®c effects on promoter activity and responsiveness to butyrate can in¯uence Wnt-speci®c Cre-Lox-mediated expression. Therefore, what is most effective in one CRC subtype may not be best in another. The type of Wnt-activating mutation present, which affects the responsiveness to lithium, the endogenous levels of Wnt activity (18,29,30,33±35) and the further modulation of Wnt activity by butyrate present in the colonic lumen or added by oral treatment with tributyrin (47) , are all examples of cell-speci®c effects that need to be considered in the design and application of Wnt-targeted therapeutics. HCT-116 and SW620 CRC cells may represent types of CRCs which would exhibit different responses to Wnt-targeted gene therapy, particularly in the presence of physiological concentrations of butyrate. Tissue biopsies of CRCs or of colonic tissue of patients with FAP might well be evaluated for levels of nuclear b-catenin via immunocytochemistry and/or the relative levels of b-catenin±Tcf complexes could be ascertained, both of which could suggest the potential level of Wnt activity in CRC cells. Establishing the type of Wnt-activating mutation, if any, would be useful, since APC wild-type Wnt-positive tumors or adenomas, exempli®ed by HCT-116 cells, may be speci®cally sensitive to lithium-induced modulation of Wnttargeted effector expression. In addition, the malignant cells of CRCs may differ in their levels of non-Wnt transcription factors, thereby exhibiting differential levels of expression due to background activity from minimal promoters. Finally, different CRC cells may differ in their sensitivity to the effector gene used.
We explored the possibility of genetically modulating Wnttargeted CRCs utilizing the Lef-VP16 fusion protein. Figures  8 and 9 demonstrate that cotransfection with STOP-LefVP16 enhances Wnt-speci®c expression (Fig. 8A ) and cell kill (Figs 8B±D and 9) in the absence of butyrate. However, in the presence of butyrate, addition of Lef-VP16 does not result in further enhancement of Wnt-speci®c cell kill, most likely because the system has already reached its maximal ef®ciency. Figure 9 demonstrates that the LefVP16 fusion can effectively enhance Wnt-speci®c cell kill in the presence of suboptimal concentrations of the CRE expression vector. Therefore, a STOP-LefVP16 construct could be incorporated as part of a transfected/infected suite of Wnt-targeted genes to speci®cally enhance the cell kill of Wnt-activated cancer cells. The STOP-LefVP16 vector methodology in a more general sense can be used to enhance activity from any targeted CreLox system. If, for example, it is known that transcription factor`X' binds to a promoter`Y' that is used to drive CRE expression, then X can be fused to the transactivation domain of VP16 and inserted into a¯oxed vector. CRE expression from promoter Y would induce X-VP16 fusion activity, which would feed back to further stimulate Y-promoter activity, resulting in enhanced CRE expression and enhanced downstream activity of any other cotransfected or co-infected¯oxed genes.
The Wnt activity downregulatory system designed by us (Fig. 10) demonstrates that the Cre-Lox system can be utilized to drive various therapeutic methodologies. The Wnt-driven downregulation of Wnt signaling is novel and, as established in this report, is successful in vitro. Downregulation of Wnt activity has been shown to increase levels of drug-induced apoptosis (48) and to inhibit proliferation (46) . Therefore, Wnt-dependent downregulation of Wnt activity could prime CRC cells to be effectively killed by other therapeutic approaches, including those used in the present study. The self-downregulation method can also be more generally applied to any situation in which a dominant-negative protein inhibits a signaling pathway essential for cell growth and/or survival Although the current study is of a model system utilized to investigate fundamental aspects of Wnt-targeted Cre-Lox-mediated gene expression, one can speculate on how such a multicomponent system could be applied in vivo to the clinical and/or preclinical situation. One methodology for introducing genes for therapeutic applications is by viral infection. We note that a multicomponent Cre-Lox/prodrug expression system was successfully used in mouse models of gastric cancer and CRC, utilizing multiple infections with adenoviruses containing the Cre and Lox components of the system; signi®cant bene®cial effects measured as the reduction of tumor burden, prevention of metastasis and enhanced survival were observed (39, 42, 49) . The same principle of multiple applications of the components of the expression system can be used for the introduction of these components by the application of plasmids, either as naked DNA or complexed with cationic lipids. Kaczmarczyk and Green (41) demonstrated the feasibility of placing both the Cre and Lox components of the system in the same vector, which would greatly simplify the clinical use of a Cre-Lox approach similar to that presented in this report. Thus, the Wnt-targeted CreLox system described in the present study can be tested in vivo, utilizing current methodologies and experimental models. In summary, our report suggests that a Wnt-targeted Cre-Lox system has potential in the treatment of CRC, and that considerations such as the action of butyrate on Wnt signaling are important to maximize the effectiveness of such a system.
